Introduction
The goal of AEgIS [1] is the production of an antihydrogen ( ) beam for investigation of the validity of the weak equivalence principle (WEP). Antihydrogen in Rydberg state will be produced through the charge-exchange reaction of positronium (Ps, the bound state of an electron and a positron, e + ) excited in a Rydberg state and antiproton ( ):
. Taking advantage of the sensitivity of the Rydberg atoms to electric field gradients, a beam will be formed [2, 3] and WEP will be tested by measuring its fall in the gravity field with a moirè deflectometer [4] . Ps * will be produced following some essential steps: 1) positrons are accumulated in a Surkotype trap + Penning-Malberg (First Point scientific technology) [5] ; 2) e + are bunched from the accumulator and magnetically transported towards a Penning-Malberg trap in a 5 T magnetic field; 3) here positrons are re-caught, trapped and cooled. Eventually several pulses from the accumulator can be stored; 4) the intense e + pulse is implanted in a nanochannelled Si for the production and emission of a dense cloud of Ps atoms into vacuum [6, 7] ; 5) Ps is excited to a Rydberg state by a two-step laser excitation with n=3 as intermediate level [8] . In this work, the advances in AEgIS towards the production of bunches containing more than 10 8 e + in the AEgIS system are described and the excitation of Ps n=1n=3Rydberg levels, performed in a dedicated chamber, are presented [9] .
AEgIS system
A scheme of the AEgIS apparatus is shown in Figure 1 . Bunches of around 3×10 7 p are routinely delivered every 120 s from the Antiproton Decelerator ring (AD) and injected along the antiproton line into the 5 T magnet. Antiprotons, slowed down in a set of thin aluminum foils (degrader foils), are caught in a cylindrical Penning-Malberg trap with an internal radius of 1.5 cm and a length of 46 cm. Trapped antiprotons are subsequently cooled down to sub-eV energy by a cloud of 10 7 -10 8 electrons loaded into a 100-150 eV deep potential well before the antiproton arrival. By interaction with electrons, trapped antiprotons are confined in the 100-150 eV well. After cooling, p are transferred in the 1 T magnet where they are trapped in a second Pennig-trap where they wait for Ps * for antihydrogen production. In the present configuration, positrons emitted by a ~10 mCi 22 Na radioactive source are cooled by interaction with N 2 gas and trapped in a buffer gas trap (Surko-trap) [5] . Several times per second, bunches of some 10 4 e + are transferred from the trap to the Penning-Malberg accumulator where up to almost 10 8 positron can be stored [10] . Bunches of some 10 7 e + can be released from the accumulator and magnetically guided along the positron transfer line in the 5 T magnet. Here, positrons are re-caught and trapped in a dedicated Penning-Malberg trap. After cooling e + are transferred to a large radius trap located in the 1 T region along the main-axis. According to the AEgIS proposal, positrons in the large radius trap will be moved off-axis by excitation of the diocotron mode of the plasma [11] and loaded in an off-axis high voltage trap before being accelerated towards the e + /Ps conversion target. An UV laser with wavelength λ = 205 nm and an IR laser, λ~1670 nm [12] are injected in the 1 T region and transported to the production region via glass fibres and prisms to perform the two-step laser excitation of Ps. After excitation Ps atoms will enter through a semi-transparent electrode in the Pennig-trap where p are trapped and Rydberg H atoms will be produced with an estimate rate of around 10 per shot. Produced antihydrogen will be accelerated by Stark effect and it will pass the moiré deflectometer [4] .
In the AEgIS set up, positron bunched from the Penning-Malberg accumulator can be alternatively transported in the direction of a vacuum chamber specifically designed for Ps formation and laser excitation experiments (Ps test chamber) [10, 13] . A system of electrostatic lenses is used to: -extract positrons from the magnetic field of the transfer line and guide them towards the target chamber, where a well-controlled magnetic field is required for several Ps experiments, -accelerate, focus and implant e + bunches with energies up to several keV in a e+/Ps conversion target [6, 7] kept at ground potential.
Positron manipulation (re-catching, cooling, storage and stacking) in the 5 T trap
Positrons dumped from the positron accumulator are magnetically transported along a distance of ~250 cm by solenoidal coils generating a maximum magnetic field of 0.14 T and then injected into the Penning-Malberg trap in the 5 T region. The trapping is achieved rising a first high voltage electrode (HV1) at the entrance of the trap after the passage of the positron bunch. A second high voltage electrode (HV2) placed 46 cm downstream of the first one is used to catch e + . A 50-100 eV deep potential well is prepared between electrodes HV1 and HV2 before the positron arrival. Positrons caught between the two high voltage electrodes are then subsequently cooled down to sub-eV energy by cyclotron radiation remaining confined in the 50-100 eV well. Switching off HV2, positrons not confined in the 50-100 eV well are released and allowed to annihilate on a stopper placed downstream (so called "hot dump"). Cold dump can be performed by filling the potential well and releasing e + towards the same stopper.
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The number of positrons in the hot and in the cold dump annihilating on the stopper are estimated by a set of calibrated plastic scintillators coupled to magnetically shielded photomultiplier tubes and positioned around the 5 T and 1 T cryostat vessels. When more than ~1.5 10 7 e + are trapped in this 5 T trap, around 100 % of them are cooled down to sub-eV and confined in the 50-100 eV well within some tens of seconds. The lifetime of positrons in the trap can be investigated by releasing them from the potential well at different times (storage time) after their trapping. In figure 2a , the number of positrons in the cold dump is shown as a function of the storage time when 1.7 and 2.7 10 7 e + are trapped, respectively. From the figure it can be noted that after their cooling, positrons can be stored in the trap for tens of minutes without any noticeable loss. Taking advantage of the long lifetime of positrons in the well, several positron bunches from the accumulator can be progressively trapped and stored (see Fig.2b ). In this way, around 2.2 10 8 positrons can be stored in about 90 minutes (corresponding to 15 transfers from the accumulator). This result demonstrates that a bunch of more than 10 8 positrons, as required by the AEgIS experiment [2] , can be produced in our system also working with a weak radioactive source (around 10 mCi in the present test).
Ps production and Rydberg excitation in the Ps-chamber
A secondary chamber designed and built to preform experiments of Ps formation and laser excitation [10, 13] , has been connected to the AEgIS positron accumulator through a magnetic transport ~60 cm long. A 24-electrode buncher is used to compress some 10 7 positrons into a pulse of less than 10 ns and to implant them in an efficient positron/positronium converter [6, 7] with an energy of several keV [10] . A PbWO4 detector is used to record the lifetime spectrum from the gamma rays shot from annihilation of positrons and positronium atoms (Single Shot Positron Annihilation Lifetime Spectroscopy, SSPALS) [14] .
In the figure 3 the SSPALS spectra obtained by implantation of positrons in a target without Ps formation (background) and in the Si nanochannelled e+/Ps converter are compared. The background lifetime spectrum shows a sharp peak corresponding to the fast 2 gamma annihilations of implanted e + . On the right side of the peak, the signal quickly decreases and reaches the noise level in about 100 ns. On the other hand, the lifetime spectrum measured in the e+/Ps converter shows a long tail from ~20 ns up to 600 ns generated by Ps emitted and decaying into vacuum.
An ultra-violet (UV) laser pulse (wavelength of 205.05±0.02 nm, energy = 54 µJ and time length of ~1.5 ns [12] ) was used to excite Ps from ground state to n=3 [9] . A second infrared (IR) laser pulse (wavelength tunable from ~1650 to ~1720 nm, average energy ~1 mJ and time length of ~4 ns) was shot simultaneously in order to excite Ps from n=3 to Rydberg levels. Rydberg excitation lengthen the Ps lifetime of several orders of magnitude (with respect to the lifetime of 142 ns of Ps in the ground state in vacuum), allowing a large number of Ps atoms to reach the walls of the vacuum chamber. When Ps hit the chamber, the positrons of the Ps atoms predominantly annihilate with the electrons of the surface. As a consequence, the SSPALS spectrum shows a decrease of annihilations immediately after the laser shot, due to the lengthening of Ps lifetime, and an increase at long times after the prompt annihilation peak, when their annihilation rate is enhanced by pick-off (Fig.3) .
The Rydberg excitation signal can be extracted from SSPALS spectra by calculating the S parameter defined as S=(f off -f on )/f off , where f off and f on are the areas of the SSPALS spectra, with laser off and on, between 300 ns and 600 ns from the prompt peak. A scan of the IR laser wavelength was carried out for exciting Ps from n=3 to level n=15. The UV laser wavelength was kept constant on resonance of n=3 (~205.05 nm). The behaviour of the S as a function of the IR wavelength is shown in the inset of Fig.3 . The broadening the n=15 level is due to the combined effect of 600 V/cm electric and 0.025 T magnetic fields present in the target region during this measurement.
Conclusion
AEgIS experiment aims to produce an antihydrogen beam for test of matter-antimatter gravitational interaction.
will be formed via charge exchange reaction. This requires: i) production of bunches containing a large number of positrons (more than 10 8 ) and ii) conversion of positrons to Ps and laser excitation of Ps to Rydberg states using n=3 as intermediate level.
In the present work, we have presented the achievement of these two intermediate step towards antihydrogen formation. More than 10 8 positrons have been successfully stored in the 5T trap of the AEgIS experiment even working with a weak source of around 10 mCi and Ps has been produced by implantation of around 10 7 positrons compressed in less than 10 ns in a nanochannelled Si target. Two-step laser excitation n=1315 has been carried out in a dedicated chamber connected to the main line of AEgIS experiment.
